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ABSTRACT 
A synthetic zeolite and four natural zeolites were examined 
for fibers by scanning electron microscopy. Free fibers were 
detected in two samples of natural erionite, but no free fibers 
were present in two samples of natural mordenite or the sample of 
synthetic mordenite. The fiber size distributions were compared to 
.fiber size distributions of borosilicate fibrous glass which is 
known to cause tumors in rats. There was an overlap of the erionite 
and borosilicate fibrous glass fiber size distributions. Although 
the majority of the erionite fibers were short and thick, a small 
percentage corresponded to fiber size categories that have correlated 
highly with pleural mesothelioma production in rats. 
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Introduction 
Zeolites are a group of aluminosilicate minerals found world-
wide that have many commercial applications. l Some zeolites may also 
represent an environmental health hazard related to their acicular 
crystalline habit of fibrous structure. In Turkey, erionite, a 
fibrous zeolite, has been reported to be associated with the 
occurrence of pleural mesothelioma. 2 
Zeolites are present in geologic formations in the United 
States and many physical and chemical characteristics of zeolites 
3-9 have been reported. However, there are no detailed data available 
on the fiber characteristics of zeolites in the United States. This 
paper describes the fiber sizes of four samples of natural zeolites 
(erionite and mordenite) from different parts of the United States 
and one sample of a synthetic zeolite (large port mordenite) using 
scanning electron microscopy techniques. The fiber sizes are 
compared to the distribution of fibers in borosilicate fibrous glass 
as described by Stanton and Layard in their work on animal carcino-
. 10 genesls. 
Background 
Zeolite minerals are valuable in industry because of their 
unique chemical and physical properties. The features that make 
zeolites attractive for industrial use are their reversible dehy-
2 
dration, ion exchange behavior, thermal and acid stability and 
11 
molecular adsorbency. The zeolite molecular structure is a three-
dimensional framework of Al04 and Si04 tetrahedral units that cross-
link to produce pores and channels. These intercommunicating 
cavities are occupied by loosely bound cations and water molecules in 
varying degrees. The structure allows a molecular sieve action that 
is one of the most important industrial properties of zeolites. 
However, not all zeolites are useful in industry. Some zeolites 
develop diffusion blocks and partial collapse of their structure 
when they are dehydrated. It is only the species that experience 
reversible changes that are adaptable to commercial applications. 12 
In ~myan cultures, ancient Rome, Europe and the United States, 
zeolitic material has been used as inexpensive building blocks for 
buildings. Zeolites have also been used for pozzelanic cement 
throughout Europe. 13 Modern technology has found uses for zeolites 
as light weight aggregate and in paper production, decontamination of 
radioactive waste streams from nuclear facilities, extraction of 
ammonium ions from sewage and agricultural effluents, production of 
high purity oxygen for iron and steel smelting, conditioning of soil, 
catalysis, removal of carbon dioxide, hydrogen sulfide and water 
from natural gas, removal of water from chlorine gas, and supple-
mentation of animal diets. I ,13 In medicine, clinoptilolite, a non-
fibrous zeolite, is being tested as an ion exchanger for dialysis 
fluids. 14 
Despite the impressive list of uses of these minerals, the 
natural zeolite industry is still in its infancy. In 1973 only 
300,000 tons of zeolites were mined in the United States, Japan, 
Italy, Yugoslavia, Mexico, Bulgaria, Hungary, and Germany.l The 
3 
industry is expected to expand as zeolite utility is realized and as 
new uses are found. 
Zeolites exist in nature as major constituents of sedimentary 
volcanic tuffs in saline lake deposits as well as in basalt and 
other traprock. 3 These minerals are widespread and are known to 
occur in over 40 countries in nearly 2,000 occurrences from sedi-
mentary rocks of volcanic origin. 4 Many zeolite sedimentary rocks 
are quite pure and beds containing up to 95 percent of a single 
species are common. However, even nearly monomineralic beds of 
l Ot tOO f 1 1- 5 zeo 1 es can con aln mlxtures 0 severa zeo ltes. Igneous 
deposits are commonly of a mixed zeolite composition, along with 
small quantities of calcite, quartz, and other silicates. 6 In 
addition, small amounts of zeolite occur in a wide variety of 
chemical and biogenic sedimentary rocks: limestone (especially 
chalk), phosphorite, coal, and ironstone. 7 
Analcite and clinoptilolite are by far the most abundant of 
the zeolites. S Zeolites known to be plentiful enough to date for 
commercial mining include clinoptilolite/heulandite, mordenite, 
erionite, phillipsite, chabazite, and analcite (analcime).15 
The chemical composition of these zeolites is listed in Table 1. 
Of these only mordenite and erionite occur in acicular or fibrous 
forms_ 
An extensive review of zeolites in sedimentary deposits in the 
United States was published by Sheppard. 16 In the United States 
TABLE I 




NaAISi206 • H20 
(Ca,Na2)AI2Si4012 • 6H20 
(N~2,K2,Ca)AI6Si30072 • 24H20 
(Na2,K2,Ca)4A19Si27072 • 27H20 
(Na2,K2,Ca)AI2SiI0024 • 7H20 





most of the commercially significant zeolites are found in the West. 
Erionite and mordenite, the two commercially mined zeolites that 
have all acicular-fibrous structure are found extensively in the 
western United States. The bulk of these deposits are located in 
Nevada, Oregon, Arizona, and Southern California. 17 Zeolites are 
mined by surface techniques but no mining is done on a large scale. 
Casual labor is often used for several months each year and there 
are no processing plants that deal exclusively with natural zeolites. 
Synthetic zeolites have an important commercial role. Despite 
their higher costs relative to natural zeolites, the synthetics are 
felt to be better suited for many research and industrial appli-
cations because of their greater uniformity and purity. This is 
particularly essential when a high degree of reproducibility is 
required in an industrial process and when impurities such as iron, 
commonly found in minerals, can produce a major difference in 
. . . h I 12 actlvlty as may occur ln eterogenous cata ysts. The synthetic 
zeolites are made by chemical or hydrothermal processes from 
aluminosilicate gels, clays or other natural silicas, amorphous 
minerals and volcanic glass. 18 Although there are about 100 types 
of synthetic zeolites, currently only a few have practical signi-
ficance. 12 Of the synthetic zeolites described by Breck, several 
are described as erionite-mordenite types or as fibrous-acicular 
crystalline habits. These zeolites are listed in Table 2. 
According to Breck, the synthetic zeolites that are in common use 
for commercial molecular sieves are types A, X, Y, and large port 
mordenite. 
TABLE 2 
FIBROUS OR ACICULAR SYNTHETIC ZEOLITES12 
Mordenite Type 
CaQ (acicular) 
SrM (wheat sheath habit) 





T (rod like) 
Ferrierite Type 
SrD 









Sr-Q (Yugawaralite type) 
Ba-J 
Rod Like 








In 1966, Timar19 performed experiments to determine the effects 
of mineral dust on pulmonary tissue in rats. Intratracheal adminis-
6 
tration of clinoptilolite, a non-fibrous zeolite, produced a foreign 
body reaction in the lung, but no fibrosis was noted. No other 
publications in the English literature reporting studies of patho-
logic effects of zeolites have been found during an extensive review 
of the literature. It is of medical interest that mordenite and 
clinoptilolite have been added to animal feed in amounts up to 10 
percent of total feed in pigs and chickens. These zeolite-fed 
animals displayed faster growth than controls with less volume and 
cost of feed. 5 Similar studies in chickens produced an eight percent 
increase in weight over controls and no adverse effects were noted. 5 
Zeolites have been the subject of recent medical scrutiny 
because of reports of the possible association of erionite with 
malignant pleural mesothelioma (}WM).2 The occurrence of these 
tumors in two villages in central Turkey was thought to be related 
to some of the villagers living in caves and using building blocks 
that were carved from zeolite-rich tuffs. Material that was washed 
off samples of local rock contained large numbers of fibers which 
resembled amphibole fibers but were identified as erionite. 
20 Baris, et al. reported a high prevalence of pleural disease 
in the Turkish village of Karain. In 1971 70.9 percent (N=564) of 
the population was surveyed with chest photofluorograms. The preva-
lence rate of pleural disease was 19.5/1000. In 1975 in a similar 
survey which included approximately 78.6 percent of the population 
(N=452) the prevalence rate was 26.6/1000. 
During a two-year period (1975-76) 16 new cases of symptomatic 
pleural disease were found in Karain. Seven of these were histolo-
7 
gically confirmed malignant pleural mesothelioma, four were histo-
logically confirmed chronic fibrous pleurisy, and one was the 
coexistence of both diseases. Four cases were not histologically 
confirmed. The crude annual incidence rate for symptomatic pleural 
disease was approximately 13.9 per 1000 per year. The mortality rate 
for MPM in this village in 1974 was 23.2 per 1000 per year.2l There 
was no known environmental asbestos source in the vicinity, but the 
village is surrounded by volcanic tuff and fibers were found in the 
water supply as well as in the soil and airborne dust. 
lvlethods 
A sample of synthetic mordenite in powder form was provided by 
the Union Carbide Company, Tarrytown, New York. Bulk industrial-
grade natural erionite (two samples) and mordenite (two samples) were 
provided by the Anaconda Copper Company, Denver, Colorado (Table 3). 
The material used for artalysis was large port mordenite powder 
and the natural dust from each mineral. No milling, crushing, or 
ultrasound processing was done. The synthetic powder and the mineral 
dust were stored in separate glass vials which had bee.n rinsed with 
filtered, deionized distilled water and air dried. 
Stock solutions of each sample 'tv-ere. made with 2 mg of sample 
in 3 m1 of filtered, deionized distilled water. Samples were weighed 
on 4 inch by 4 inch weighing papers using a Sartorius model number 
2492 analytical balance 'tv-ith a ± 0.05 mg accuracy. 
Further preparation of the samples involved making dilutions 





NATURAL AND SYNTHETIC ZEOLITE SAMPLES EXAMINED FOR FIBERS 
Sample Identification Source 
1 Large Port 
Mordenite 
Type 51-100 Union Carbide 
Lot II 4966-88 Corporation 
2 Mordenite Eastgate, Anaconda 
Nevada (2) Copper 
Company 
3 Mordenite Rome, Anaconda 
Oregon (4) Copper 
Company 
4 Erionite Rome, Anaconda 
Oregon (3) Copper 
Company 
5 Erionite Eastgate, Anaconda 
Nevada (5) Copper 
Company 
mente Adequate dispersion was approximately 25 fibers per field with 
only one or two unmeasurable overlapping films per field and.a 
minimum of large amorphous particles or aggregates. Each solution 
was shaken gently by hand to produce thorough mixing on visual 
inspection. Fifty lambda of solution was removed with an Eppendorf 
pipette when the material appeared fully suspended in solution. The 
pipette tip was placed in the middle of the height of the solution 
when fluid was withdrawn. The extracts of solution were placed on 
aluminum stubs that had been cleaned by five minutes of sonication in 
acetone. The stubs were dried overnight at room temperature in 
Petri dishes and were stored in Petri dishes to avoid possible con-
tamination by dust in ambient air. The dried samples were plated 
9 
with gold in a Technics Hummer III sputter coater uSing argon gas as 
medium. The vacuum was set at 50 millitorr with approximately 2000 
volts and 10 milliamperes. The samples were plated using pulsations 
of three seconds off and three seconds on for five minutes yielding 
100 Angstroms of coating. 
Each sample was examined using a Jeol JSM-35 scanning electron 
microscope at 16, 160, 800, 1600, 2000, 5000, and 20,000 magnifi-
cation to determine the dispersion and visibility of fibers and to 
select an appropriate field and magnification for fiber measurement. 
The working distance was 39 millimeters, the tilt was 0° and the 
accelerating voltage was 25 kilovolts. 
A central field with adequate dispersion of fibers was 
selected for each fibrous sample and 50 contiguous photomicrographs 
from this area were taken. All pictures were taken with a Mamiya 
camera on Polaroid type 665 positive/negative black and white land 
film.. Each photomicrograph was enlarged to a 7" by 7" glossy print 
for fiber measurement. 
The length and width of particles were measured on the photo-
micrograph enlargements with a clear plastic millimeter ruler. The 
maximum width was recorded for particles with irregular surfaces or 
tapered and angular shapes. Particles with a length-to-width ratio 
of three to one or greater were classified as fibers. 
All fibers in the photomicrographs were included in the study 
if both ends and opposite sides 'tvere visible and if the fibers did 
not appear to be imbedded in a bundle or aggregate. A bundle was 
defined as a group of apparently connected fibers lying with their 
10 
longitudinal axes approximately parallel. An aggregate was defined 
as a mass of connected nonparallel fibers or amorphous material 
apparently connected to fibers. Fiber bundles or aggregates with a 
length-to-width ratio of three to one or greater were counted as 
single fibers. Fibers with one end overlapped by another for less 
than one-quarter of their total possible length were also included. 
Only visible length was recorded. 
Length and width measurements of 1000 fibers were recorded. 
The measured dimensions were converted to actual dimensions using a 
conversion factor determined by a standard reference grid and latex 
particles. The dimensions of all fibers were then grouped into 
Stanton and Layard's size categories. lO 
Results 
The three samples of natural and synthetic mordenite did not 
require montage analysis because they lacked identifiable free 
fibers. The two samples of natural mordenite contained amorphous 
material, aggregates, and sparsely distributed fiber bundles. The 
acicular nature of the aggregates was discernable only at high 
magnification. The synthetic zeolite had no discernable fibers 
throughout the range of magnification used. 
Both erionite samples contained free fibers as well as fiber 
bundles, aggregates, and amorphous material. The fibers of both 
samples were straight and most had cylindrical or tapered shapes. 
The distributions of fiber sizes in these two samples are shown in 
Tables 4 and 5. In both samples, more than 65 percent of the 
TABLE 4 
ERIONITE - SAMPLE NU}ffiER 4: SIZE DISTRIBUTION OF 1000 FIBERS 
BY DIMENSIONAL CATEGORIES10 
Width in Length in Micrometers 
.Micrometers 0.01-1 >1-4 >4-8 >8-64 >64 
>8.0 
>4.0-8.0 18 
>2 .. 5-4.0 38 
>1.5-2.5 33 77 
>0.50-1.5 214 250 97 
>0.25-0.50 8 182 43 8 





ERIONITE - SA}WLE NUMBER 5: SIZE DISTRIBUTION OF 1000 FIBERS 
BY DIMENSIONAL CATEGORIES10 
Width in Length in Micrometers 
Micrometers 0.01-1 >1-4 >4-8 >8-64 >64 
>8.0 
>4.0-8 .. 0 
>2.5-4.0 1 5 
>1.5-2.5 24 23 
>0.50-105 215 135 53 
>0.25-0.50 306 66 14 
>0.10-0.25 23 127 8 
>0.05-0.10 
0 .. 01-0.05 
12 
13 
fibers were between >c25 lJTIl and 1.5 lJl!l wide and >1 lJ~ and 
8 ~m long. Twenty-three and eight-tenths percent of the fibers in 
sample 4 and 9.5 percent of the fibers in sample 5 were greater than 
8 lJm long. In each erionite sample about two-thirds of the fibers 
>105 lJm wide and >8 lJrn long were fiber bundles rather than single 
shaft fibers. No fibers smaller than 0.1 lJm wide or greater than 
64 lJm long were found (see Figures 1 and 2). 
Stanton and coworkers10 ,22-25 have studied pleural adminis-
tration of various fibrous materials in rats to evaluate the pat~o-
genesis of fiber-associated tumors. The fiber size categories in 
Tables 4 and 5 have been used by Stanton and Layard in their 
correlation of borosilicate fiber sizes with pleural mesothelioma 
. d .. 10 1n uct10n 1n rats. They reported that the fiber sizes with the 
greatest correlation with mesothelioma production in rats are~0.25 lJm 
in diameter by >8 lJm long (r=0.9)~ The next higher correlation was 
found with fibers up to 1.5 lJm in diameter and >8 ~m long (r=O.S2-
0.74) . Table 6 show·s the percentages of the fibers studied by 
Stanton and Layard that fell into these most pathogenic fiber ranges 
(highest correlations with tumor production). This table also shows 
the percentages of fibers from the two erionite samples with dim-
ensions in these categories. 
Discussion 
The interpretation of these data should include consideration 
of sample source, processing, and selection of fibers for measure-










Fig. 1. Erionite - Sample Number 4 (Rome, Oregon): Graphic 
Representation of Particles in Scanning Electron Micro-





Fig 2. Erionite - Sample Number 5 (Eastgate, Nevada): Graphic 
Representation of Particles in Scanning Electron Microscope 























































































































































































































































































































































































for catalysis. No fibers were observed but fibers originally present 
may have been destroyed during production of the material. In 
contrast to the synthetic zeolite used in this study, the natural 
zeolites came from potentially valuable beds that are not marketed 
currently. If natural zeolites are marketed they may not come from 
the specific beds or portions of beds from which these samples 
originated. In addition, it has not been determined that these beds 
contain zeolites with a uniform composition and fiber distribution. 
In nature, the zeolites studied may exist in a variety of fiber size 
distributions. The possible variation of composition within each 
bed and among different beds means that a single sample cannot pro-
vide a definitive profile of any zeolite type. Thus, this study 
reports fiber distributions for two natural zeolites from separate 
beds and cannot be generalized to zeolites found in other geologic 
formations or parts of the same formation. 
This study used dust from natural zeolites without mechanical 
processing which could alter fiber size. However, mining, packaging 
and transport may have disrupted long fibers as well as bundles and 
aggregates. Additional processing by crushing or agitation of the 
minerals may produce more small fibers or may further disrupt 
bundles and aggregates to produce more narrow fibers. 
The use of montage techniques over a broad area of the sample 
limited the possibility for observer selectivity of certain fiber 
sizes. However, the reliability of measuring fibers in each field 
was limited by the possibility of large fibers obscuring smaller 
ones and by bundles and aggregates covering, overlapping or under-
18 
lying small fibers. Since fibers were measured that had both ends 
visible and seemed to be separate from bundles and aggregates this 
method probably underestimates the proportion of short fibers. The 
lengths of some of the longer fibers with obscured ends was under-
estimated as well. The measurement of bundles as single fibers, 
making bundles of long, thin fibers indistinguishable from thick 
single shaft fibers, may give a misleading impression that many 
thick single shaft fibers were present. 
The fiber dimensions 'tvere not affected substantially by gold 
plating of the fibers. The 100 Angstrom gold coating was applied 
uniformly from above the sample. Thus, the maximum thickness of the 
-2 
coating was 10 microns which is approximately one-tenth of the 
smallest fiber width. 
No conclusions can be drmvn from the study regarding the 
possible size distribution of airborne fibers from these minerals .. 
Agitation of the dust to disperse it in air might alter fiber size, 
disrupt bundles, or release small fibers that were obscured by 
larger particles on montage. 
10 Stanton and Layard's fiber size categories provide a compari-
son to the fiber size distribution of more familiar materials. In 
Table 6 one of the reasons for the apparent exceptions to the 
expected relationship between the percentage of borosilicate fibers 
in the highest correlation categories and tumor production is that 
Stanton and Layard administered doses of fibers to their animals by 
sample weight. The number of fibers per microgram in each category 
parallels the tumor production rates in the table better than the 
percentage in each categoryo Although determination of the number 
of fibers per microgram is beyond the scope of this study, it may 
provide useful information in studies of the possible pathologic 
effects of fibrous zeolites. 
19 
Both samples of erionite contained proportions of fibers in 
size categories reported to correlate with tumor production in rats. 
The synthetic and natural mordenite examined did not share these fiber 
size distributions. On the basis of fiber size, some erionite from 
the United States may be capable of tumor production in animals by 
pleural administration. The reports from Turkey indicate that 
erionite may be a human carcinogen. 2 However, the correspondence of 
United States erionite fiber sizes to Stanton and Layard'slO data 
cannot be extrapolated to support or refute a hypothesis of human 
carcinogenicity of erionite. Factors other than fiber size such as 
chemical composition, shape, durability, reactivity in body fluids 
and tissue, and air stream flow characteristics may affect deposition 
and retention of fibers in the lung and the response of the body to 
these minerals. 
The possible relationship of erionite to animal or human cancer 
compels further evaluation of eri.onite and other fibrous zeolites. 
Areas where fibrous zeolites are common could be included in surveys 
to identify prevalence of pleural disease or in cohort and case 
control studies. Commercial operations with fibrous zeolites could 
also be included in airborne fiber monitoring programs in addition 
to epidemiologic studies. Synthetic zeolites which may have fibrous 
forms should be evaluated for fibers present in intermediate 
production phases as well as in end product forms. 
20 
Pleural application and inhalation of zeolite fibers should be 
used to determine the pathologic effects of these materials in 
animals. Animal studies should also be done to evaluate the fate 
and durability of these fibers in vivo. However, grinding, crushing, 
filtration or sonication of these minerals to disrupt large bundles 
and aggregates or to reduce the amount of amorphous material for 
animal studies may alter fiber number, size or shape. Examination of 
each sample should be done after processing to determine the extent 
of the possible alterations. 
The methods used in this study could be applied to character-
izing fiber sizes of zeolites in animal studies. The methods may be 
superior to transmission electron microscopy because of the amorphous 
particles and aggregates in natural zeolite dust. The bulk material 
in these samples is likely to reduce the durability of delicate 
transmission electron microscope sample grids and make evaluation of 
overlapping fibers difficult with transmission electron microscope 
techniques. The methods in this study could be expanded to provide 
volume measurements of particles and fibers to estimate the number 
of fibers per unit weight of each sample. 
Conclusion 
Scanning electron microscopy was used to visualize the struc-
ture of four natural zeolites and one synthetic zeolite. The 
synthetic zeolite contained no fibers. Two samples of natural 
21 
mordenite contained amorphous material and finely acicular aggregate 
but no discernable free fibers. Two samples of natural erionite 
contained free fibers. Six to eleven percent of the erionite fibers 
corresponded to the fiber sizes of fibrous glass which show corre-
1 · . h d'· i 1 10 at10n W1t tumor pro uct10n 1n an rna s. 
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